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Numero

cases were run and initiation behavior was plotted both as a function of the
total energy of the bursting sphere and the energy density of the bursting sphere
In addition, a few runs were made for the ramp edition of energy to compare to
the bursting sphere results. The study shows that as the energy demnsity of the
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I. INTRODUCTION

Since the early 1940's, there have been a number of models for the

process called detonation. These range from the early one-dimensional

1

model of Zel'dovich and Kompaneets' to models taking account of three-di-

mensional structure including those of Barthel and Strehlow2 and Barthel”.

The one-dimensional model is well developed and the three-dimensional _?

model, though less well unrderstood, yet provides much gualitative insight

into the mechanism responsible for the self-sustaining nature of the o

detonation,

Within the scope of the subject ¢f detonation, one can specifically

focus attention on the initidtion process. Initiation is usually considered

to include the following events. lirst, a shock wave travels through a i
combustible mixture, raising its temperature and pressure. Next an induction |
zone develops in which chemicul reaction begins to take place. The temp-
crature and pressure in this wone remuin fairly constunt as any heat release
is approximately cancelled by a corresponding endothermic dissociation.
The induction zone is characterized L vhe induction Jdelay, also called the
delay time to ignition, which is simply the time a particle of the mixture
spends in the induction zone. Finally, the recombination or heat release
region develops, This of course yields the observed exothermic nature of
a detonation, As can be seen this encirve process is non-steady,

[t would be instructive to obtain a model for this initiation process

which will yield the gqualitative behavior which results as one vavies

input parameters such as tempevature nd shoch overpressure.,  This then is
the scope of this paper. A madel for the initiation ot shock induced deto-
nation is developed for o spherical tflow fields  Two different types of

non-idoal flow rields are then genwented in whivh the initiation may occur.
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These include flows generated by massless, high vressure, bursting
spherical vessels and flows resulting from linite rat. depositions of
energy at a spherical region in space. For 211 these {low fields, the
model then yields information cn delay time to ignition, minimum

energy requirements, sound speed cffects and cxplosion loci.

I1. BACKGROUND FLOW

The initiation process must occur in the flow field under consider-
ation. This flow field is generated by a computer program, which was
obtained from A. K. Oppenheim.a The CLOUD program, us it is called in
this paper, uses a finite differcnce scheme to ovaluat§ the fluid dynam-
ic conservation cquations in onc-dimensioral Lagrangian form, These
include the continuity, momentum and energy cquations. A fourth expres-
sion, the equation of state is also cvaluated. The equation of state for
this investigation takes the form of the perfect gus law,

The CLOUD program performs its culeulations with non-dimensional
variables. This fact is crucial te liter computations because it allows
one to substitute in desirved reference parameters after a given computer
run has been wade,

The indopendent variables tor the numerical computation ure = t/tb
and R = r/r0 where 7 and r denote dinensional time and radial position and
t, and r, ave the reforence pavameter « usud to ron»dimensicnglize thq
cileulations,

The dependent variablos of prime importance are the speciriv volume
and eaergy, which are given by Vo« v/vo and 1 = e/Po Va rospectively, whore
again the v oamd @ have dimemsions ane the subsoripted svabuls are ursd 1o
non=dimonsionalize the caleulations,  Other Jdependent variablos Nhl;h the

CLOUD program colenlates are veloerty, pressurve amd cscosity,  he pressure

at vavious points in the flow Cield 5 usal to detor dne the tise orf shaek

N s T
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passage even though the pressure does not enter into initiation calcula-
tions. The viscosity term is used to smooth out infinite gradients at
the shock location, as these are unacceptable in the tinite-difference
computational scheme.

In order to validate the data concerning the flow field which are
obtained from the CLOUD program, three comparison runs were made for the
case of a bursting sphere. These include spherc bursts of 22 atm air into
1 atw ambient air and 15.79 atm helium into ] atm ambient air., These
runs are compared to corresponding runs made by Brode.s Also a high pres-
sure sphere burst of 200 atm awr into 1 atm ambient air is cowpared to a
corresponding run made by Huang and (Ihou.6 These data are shown'graphically
on Figs. 1-3. On these plots ﬁ;, the non-dimensional shock overpressure:
is shown as a function of non-dimensional energy scaled radius or. shock

b

location. F; is detormined from the vxpression

ll" - l)‘ p
(AN S A B ‘
‘s P , T i ().

-where Vo is the value of the:shock: overpressure and PQ'ks the ambient

reference prossure. ﬁ; is obtained from the expression

K = R - : - B 5
whore RQ is the lovcation of the shoch and Ro is cailed the sealing mdius
and ia determined by the tollowing relution, as diseussed in Strehluw and

- 7
Rickee,

Ry s | R
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4
amount of energy which must be added to a sphere at ambient conditions to
raise its temperature and pressure to the conditions necessary for the
burst. This energy addition is. assumed to oceur instantaneously and at con-

stant volume. E, is found trom the relation,

»  _op
ar P2 P 3

LTI ETTT Yo
where P2 is the pressure in the sphere just prior to burst, 51 is the
specific heat ratio of the gas in the sphere and r, is the initial radius

of the sphere. Then substituting egn. 4 into eqn. 3 and the resulting form

-

of eyn., 3 into eqn, 2, it is found that

73; ::. [ Rs

—%“ PO_ 81 "1_

AT PaPr ]W. o 5
3)

It hust also be noted:that in Figs, 1.3 the first point is not obtained
from the finite-difference caleulation but is detenmned analytically
from the shock wave-rarefaction contact surfuce reguivenent, as tound in
Licpmam and Roxhao.b

B . J.-1) (Ro/2) Ps/Rc 1) T

F- % JQ‘&*(K*HWS/% "'-l-j . @

whore a4 reters to the,awh;cnr'sound speed, uy is the sphere seund speed
':iust prior to burst gad H, s she spovific heat ratic in the asbient aiv,
l\;l other quantities ave the saie as efined previausiy, Eqn.le isv:tcr*-
- tively solved for the qgantity Pﬁfvu uhich is then #u@sf;tutcd tnre wyn, |
to obtain the initial point. |

Aiso shown‘in Figs, -3 aee data obtained From another nugerival
prograg,  This other program, <nowt 3+ the WUNDY program was obigained

3 - » & . . ) ., v
from U, M\, Sturnburg.j AS v be seen the CLOUL and athDY data are in




Strehilow,

5
very good agreement. This wil! then te tuwen as evidence of the accuracy

and validity of data obtained from the CLOUD program.

IIT. IGNITION MODEL

The ignition wodel analyzed in this investigation is viewed as a
simple one-dimensional model which will allow a parameter study of the
problem. General trends and behavior arc sought rather than specific
numerical values. With this in mind then, the following procedure is
cmployed,

10

As given in Cusey " the local deiay time ¢ ignition for a h;drogen-

oxygen system is given by the Formula,

s

o= A -
T E108] exp (Ea/RT) -

where A is culled the pre-expenential factor, [9,] 1s tiie oxygon concentra-

tion, LA in the chemical activation energy, R iz the universal gas constant

and T is the tomperature. The local welay time will gefer to o particular
partiele or Mcedl" in the flow field. Thus at caeh instant of time, each:
particle in the flow will have an instantanevus value of lecal deluy time,
T,. We can thon define the vurtobleV to be tac fraction of total delay
time conswaed, where the total delay " lme is eqral to the time spent in the

induction zone. 1“ is then grver by ~ie tolloning eapression taken from
1 ' '

‘yf = jsiﬁ_. £Y]
T
where T rofers to the time of shack massage.

the busic approuch is to intepssie equ, 8 slong a particle juath

until ies value @8 cqual o wiiky.  Tais will corvespond to the lecation




6
- in space-and time when the particle leaves the induction zone and ignites,
The lLagrangian approach is thus seen to be very useful as one must inte-
grate eqn. 8 while following individual particles in the flgw. Eqn. 8
must be cast into a slightly different form for use with the CLOUD program.
This will be discussed later. |

It is now necessary to specify the combustible mixture and the chemi-

~cal kinetics to be studied. For simplicity, all computer runs were made

with the expanding shock wave passing into ambient air with 30 = 1.4, Air

-is not a combustible mixture_but it is assamed that there is enough Hz for 4
~reaction. In this analysis only particles or cells which are outside of
the pressurized sphere or region of energy addition are considercd to be
combustible.” Then as the flow progresses, a contact surface will always
separate these two regions, Cells inside of this contact surface are
not followed as they are not considered to be combustible, Cells outside
of the contact surface are followed as they are considered to be combustible
and hence are necessary for the delay time calculations. The inside cells
do however seorve the purpose of providing the nceessary eanergy for the
establishment of the shock wave which processes the combustible mixture,
-This is illustrated in Fig, 4 tor the case of a buvsting sphere. Note
that the outward travelling shock wave begins at the vontact surfuace but
because of the infinite gradients involved, thiz ares must initially be
smoothed out over the space of two particles, hrown as fairing cells,
For the actua) veaction, 4 simple hydrogen-oxygen system is considered.,
Schott and Kiuscyl2 havo shown that the primary reactions involved are:
iy, 0, === i1,0 or 0l )
Hov 0= 0l + |
O 4 === Ol + Il

2]

Ol + g3 1,0 + Il
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where reaction (ii) is the most highly endothermic reaction in the chain
(reactions ig, iii and iv). Fer this system of reactions, Schott and
'Kinseylz.and Strchlow13 show plets of local delay time times oxygen
concentration vs. 1000 over thc temperature. From these plots the quanti-
ties EA, the activation energy and A, the pre-cxponential factor can be
determined. The plot from Strehlow is reproduced in Fig. 5. The above
quantities are found in the tollowing way.

We have that that the local delay time is given by eqn. 7, repeated

here " ‘Téﬁ exp(Ea/RT)
Then lO(j |0{[O«1] T{} s !0‘5 uo{ﬁ oA/ RT}
. \n { A 9“/2_

In 1C

=-F§1—5-[lnr'\ + In e“"“ﬂ
=-T£f5[h'\f\ + EA/RT]

or logm {[Oa]'f;} :-J'%*%}-o- + -R-l-a—ei—o—— --+-

Notice that this eyuation is of the furm y = mx + b

y =logo{[0] )

where

- In ,
b

In 10

The slopes aml intercepts on the Strehlow mad Behott and Kinsey graphs
can bo detevmined and then the valaes of By A foilow, - These values are

shown in Table 1 below.
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EA LnA sec-moles
Investigator m = Rin 10 h ~ n 10 EA (kcal/mole) A(W) .
Strehlow 3541.18 - 10.165 16.19 6.8418x107 11
«bw.
Schott § Kinsey 3966 - 10.647 18.14 2.2542x10" 1
TABLE 1

At this point an arbitrary choice was made to use the values obtained
from Strehlow for the initiation and delay time calculations, It was felt
that this is justified by the fact that the two sets of values are in fairly
good agreement. Also, the actual numbers are not of that great a concern
since the main purpose of this work is to determine qualitative behavior,

To completely determine the chemical Kinetics, the range of tempera-

-tures for which the hydrogen-caygen reactions discussed earlier are valid

must bo stated. Schott and Kinsey studied hydrogen-oxygen reactions in the
temperature range between 1100° and 2000°K. Slightly broader limits were
chosen for this work, .specifically 1000° to 2700°K. Again this 1s a fairly
arbitrary choice but the limits used (orrespond roughly to values of three
to nine times the usual standurd atmosphere ambient air temperature at sea
level, In this temperature range ther, the simple Arvhenius Kinotics are
assuned to held for the chemival process under consideration. Below LU00°K,
the temperature is assumed to be low cnough that ne appreciable reaction
will occur. Above 2700°K, thore is atsumed to ke so much endothermic

dissociation that no apprectiable fraction of the total delay time will be

~used up. This situation is shown in )ig. o,

Noxt it is necessary to dorive the specitic form of eyn. § which is

usable with CLOUD program outpat for nitiation and delay time studios.

Sinee CLUUD uses non=dimensional vilies of time the qaantity dt i not

Sdivectly obuainable.  However, the gquantity dt/tg w8 oabtainable whvrc'ba

-

o g o .
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has been defined previously. Thus one can write
) t/te / ] \
W e~ S}
Now all that remains is to substitute the éxpression.for1“i into eqn. 10.
However'TE is given in terms of the oxygen concentration and the tempera-

ture of a cell of the combustitle mixtu:em Thus expressions must first

be found for these two quantities.

To determine the cell temperatur:, one may proceed as follows, Since

for a perfect gas the temperature is a function of the internal energy

only, we see that the cell temperature can be obtained from the cell energy,
which is a part of the CLOUD program vutput. As noted earlier CLOUD yields
a value of E = e/Povo, whore e is the actual internal energy per unit mass
and Pa and v, are non-dimensionali;iqg reference quantities. It can also

be shown that for a perfect gas

Pv

es= . o
Yo - 1 ()

Wo may then substitute eqn. 11 into the CLOUD expression for cell energy

to obtain,

e -_ Py 1

- - . 12)
E _'Pn Vo P(\VO ,0'1 ( '
which by the perfect gas law way be re-written us
= R z SR (13)

E het . Ro.:-o Xo"l |

uhoro‘To is the initial ambiont temperature and Ro in the gas constant of

“the ambient gas. But since we are coasideoriag vlat the ambient pgas is the
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combustible mixture we can say that R = R, and eqn. 13 reduces to

oo T
EEre T

- or ;earranging,_we obtain an gxpressiun for the cell temperature as
Ts= ETO“Q'J' | . Cae

Finally the oxygen-concentration, [0,] must be determined. Since -

sec-moles

: we
liter ‘

A, the pre-exponential factor s given with the units

require to have [02]'in the units i§%5§'3° that in eqn. 7 we will be left

with units of time only. The expression for [Q,] is then given by

Opstas <[(prter)/Mw e ME e

where @ and MW refer to the density and molecular weight of the coll in
question and M.F, vefers to th: mole ‘raction of‘Oz. |

The density of a cell is not obtainable directly from CLOUD. However
the specific volume ratio v/vo is. Then because 9 = 1/v we have

£z = /(%)

where again the subscript refers to initial ambiont conditions. Then @ is

given by

0= 00/(%) - o

Bqn. 16 1s then substitutod back into eqn. 15 te obtain the expression

for 10,]).

(o =l (8wl
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Eqns. 14 and 17 may then be:substituted back into eqn. 7 to obtain

an expression for T

™ - ex P(EA/ RE To(‘o‘l))

A _
R 5 L

Qév)(gM\)M;rg" exp(Ea/RETo(¥or D))

We can now substitute intc eqn. 18 numerical values for the following

(18)

‘

‘quantities, A 263412 x107" %& (from Streblow)

Ea=16.19 —XsAl- (Feom Strehlow)
MWaorree = MWain = 2%.97 ‘—,,7813"

@013 i
'MEO;‘-al

- R:.001986 Grats e
Toz 299 °K
%14

Using these values then egn. 18 reduces to

27,7106 x 10°7 (—35) exp(6%.389%/E ) (19)

where‘l’ has units of seconds. Recall also that L is the non-dimensional
coll enorgy obtained from CLOUL,

Eqn. 19 is now substituted back into eqn, 10 to ohtain,

v _(ta dt/te 2y
| tow = tefte o] ,,10'5_(%52‘,( (3 359%75—)- ":o
Yt (13978 y 20 g7 68 IMV/E) 4y SN
L m.(_.. e g s ) (20)

- {68, 3698/8)
1.2976 x “(’v N R {5 equal to 1,

where the factor

Eqn. 20 is now integrated numerivally from the nun-.dimcnsionul eiue
of shoch passage to the time Vtw' Por this caleulation, egn. 20 is o

wiritten as:




gl s e

- e -

12

-t
12976 x 10%) ¢ &3 9/E) 4 4
VCLM:‘ ( (t)e T, -—{;w (21)

or more compactly,
1/t
Vit = —Hi= 2 =Y
aow LR t - ‘tb (22)
ts/te  * ¢
where lﬁri has been defined above. Note that the quantity'»fCLOUD has units

of sec'l and that 1f is dimensionless.

The actual integration is then performed using eqn. 22 or equivalently
eqn. 21 on an 1BM 360 computer. The limits of integration are‘ﬁs/to and
t/ib as shown above. lowover, it must be noted that cyn. 22 was derived
with the assumption that the reactive kinetics ave valid only between the
temporatures of 1000° and 2700"K. If the cell temperature drops below
1000°K, the integration is temporarily halted. If the cell temperature
rises above 2700°K, the integration i: likewise temporarily halted, If and
when the 2ell temperature rotuns to the acceptable raage, the integration
is then rosumed. Thus the actnal limets of integration may be narrower
than those given above, |

in Fig. 7 are shown qualizatively four different types of temperature
variation which may be observed for a given cell. 1n Fig. Ta, the shock
passes the cell in question and radses its tomperature.  However, the

temporature never reaches the 1000°K woint, ‘this cell will then nwver

bogin reaction, its'bfvuluc Will remen zovo anv it will have an infimte
delay time, i.e., 1t will not dgnite. Fage 7 shows w cell for which the
temperature does vise abeve 1000°K atror shock passage.  Once past the
point of highest temperature, thcrv,ii-a monotonte Jdevrease Qntil the

temperature &5 onee again bedow the DW0%N cute’t imit,  While thys cell

has a tosporvature i the aveeetable »uige, iatepgration of egh, JJ along s
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trajectory will proceed. Thus this cetl will undergo reaction and have

finite values ofqyiund delay tine. This ccll may or may not reach the

ﬁ : point of ignition. This will depend o the initial dimensional condi-
% i tions and will be discussed later. Fig. 7¢ shows a cell for which the
3 temperature rises above the upper cutoff limit. This cell will undergo
| '

the same procedure as that for the cell of Fig., 7b except that during the
48 time when the temperature is above the 2700°K point, the integration of

eqn. 22 will be temporarily halted. ‘lhis integration will resume when the

temperature has dropped below 2700°K and will proceed as long as the temper-

ature is greater than 1000°K. All else is the same. Finally, Fig. 7d

shows a temperature-time plot for which non-ideal effects are pronounced.
Due to the non-ideal nature of the flow, sccond, third, ete. shocks may

propagate pasv a cell after the lead shock has passed. The effect of these

P U SU

later shocks is to cause 4 tomperature perturbation on the zenerally de-
creasing temperature profile. These perturbations raise the temperature
of the cell but not by as much as the lvad shock raiscd the tomperature.
As shown in the plot, a porturbation can oceur in such a way as to rvaise

- the tomperature above the upper limt and so ciuse u tewporary halt in the
Antegration. It can also raise the temperature above the lower limit and
hence allow a longer integration for o cell tor which the integration
would otherwise have been completed,

 Rith this information in mind thon, V]| PR ¥ in;ogruted along the

negcessary pareticle or cell truyvctories to obtain the duta tor this invosti-
gAt ion.
iV,  TEST GASE

fo dotermine the validity ot the numerical integvating schome, a test

case wis run with the Huang and vhon 00 atm bursting sphore ran deseribed -

aavlier,  ‘The mamecical wntogeatong Cheme was un on a nuaber of eolls
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for this sphere burst. Two of these «21ls are discussed here, namely
cell 130 and cell 135. For these two :ells, the quantity l/Ta was also
obtained at various times during the integration period. Plots were
then made of 1/'ri Vs t/t0 for these cells. These are shown in Figs. 8
and 9. As eqn. 22 can also be integruted graphically by determining the
area under the lﬁrj Vs t/t.0 graph this was also Jone and used as a check
on the numerical scheme. In Figs. 8 und 9 the cross-hatched areas represent
half time increments which were included to make the graphical integration
correspond exactly to the numerical integration. The area under these

curves was then determined by a planiveter.

For cell 130, the numerical schewe yielded 1 value for CLOUD of
3.379 x 104 sec'l. The planimcter integration yielded a value of 3,376 x 1()4
sec'l. The percent error can then be determined from,
"‘Vt‘mo(mmm‘; "wnwo(nm'nerm\l e
% error = -x 100 (23)

leb (PLaNIME ToR)

For cell 130, eqn. 23 yields a value of J08% orror.
For cell i35, the numorical seremne yiclded a value for

cLoup ©F
} ]

1.622 x 10% sec™! whereas the planimeter vielded a vialue of 1,62 1% soet,
Bgn. 23 then gives a value of (1.% ervor for cell 135,

These values of percentage crror are certaialy within an acceptable
error margin and so thig is tier as cvidence that the aumerical integration
~is returning valid output. ' /A

AMso shown for illustrative purposes is Fig. 10, which is'a three-

dimensional plot of ool naber vs U s where ¥ gy was obtained

MYV
with the numevical integration. Note that for all the cells plotted, a
lavge traction of the Cinal value -of .CLUUU i obtained very guickly, vven

Cfor the tivst four colls to which the integeation procowds tfor a long tiwe.

Note alse that CLoup arvain o value greate than unity even though 'uf
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itself is limited by this value. This fact becomes important for ex-
plosion loci determination and will be discussed below.

It is desired to determine three things for the liuang and Chou 200
atm case: the delay time to ignition for various cells, explosion loci
and minimum energy requiroments for ignition.

First of all, the value ot cLoun Wes obtained for a number of cells
for this run. These values are plotted vs cell number on Fig. 11, Notice
again thathZLOUD can be greatexr than unity. Fyn., 22 can be re-written
simply as: 1

Voo =57V | @)
Now for a cell to ignite, its value oqu\nust be equal to unity. Then
eqn. <2 roduces to:

vct.oub"tl;f
or ' (24)

e Yoo

Thus knowing the vulue«yEQfCLUUU, the value of to’ which has been used to
non-dimensionalizo the time vaiable van be detcvmined. ‘Then, knowing
the value of t/t —ut which QVLnOUH for the cell is such that it-cuuses‘ur
for the cell to equal wnity, one can »asily determine the real time

ChLLAY for the cell to ignite trom:

tuu\' 2 ".'&“ . 'to (25)

suppose now that one looks ot thy naximem value of“clUUu on Fig, 11

ol occurs for coll 82, Substituting

e
this value into eyn. 24 one tinds that t, o 5,007 x 1077 see,  From tae

This is equal to 1.962 A ' sec

computer output, it Is hnown that celt 82 sums fo o value “fqrploun

Ap

= 1,962 x 10h snc"l at non=d imensiondl !/\-.u = | 165, ‘Thus from eyn. 295,

for voll &

3 "u;‘_:ﬁn ;.," TS ."'.".':;,,‘ -

oy~ “':‘»:L—.—.:".—.)—, *—*"" b

e




AT

e i wee Dl

ey

AR

16

touar =(1.15 5\ (.5‘0 97,10"" sec.)
25887 %1077 sec.
If the value °f1prOUD for cell 32 and the value of t  just determined
arc entered back into eqn. 22, they will of course yield a value of'y; 1

for cell 82, However, if the value OfIVGLOUD for any other czll in the

Huang and Chou run is entered into eqn, 22 with the given tys it will

yield a value V(l. Thus only cell 2 will undergo ignition.

Suppose however, that one considers a value Of’%LOUD which is less
than the maximum value of %LOUD’ e'g‘%LOUD = 1,855 x 106 sec'l, which
is the value obtained for cell 83, Then from eqn. 24, we obtain 12
z 5,391 x 10'7 sec, lrom eqn. 25 we get for cell 83 tDliLAY = 6,119 x 10'7sec.
where the value of t/to for which VCI.OUD was completely summed was
obtained from the computer output. Again, entering the value of 'VCLOUD
for cell 83 with the t, just determined back into eyn. 22 gives W= 1, as
expected, Suppose that one nou looks at cells 80, 81, and 82. These
cells have values of CLOUD which are greater than the value obtained for
cell 83. So when these values are entered bacwn into vyn, 22 with the t
given above, they will yield walucs vhich are greater than unity., This
means that in addition to cell 83, these other throe cells will also
ignite, Of uourso.'\ér can not physica.ly vaceed unity, What is done to
correct this is to look at the value of lhn tfor which ecach of :;hese cells
attained the value, ’W‘CLOUI\ 5 1850y %eeth his is of course the
vislue of 'VL:LOUD fur cell 85, Any tucther sumnation bovond this value is
thon gnored.  Now all of thes» vells will ,\'lclcw-ﬁ 1 oinoegn. 22,

Une can of course consider value i ot 'hfmm,“ whivh ave still lowev,
(U V&ILOHI) £ 1,00 X 1()"5&3(‘. the salue obtained tor cell 85, Now, all

the colls from 79 vo 85 will wanite, Their various tgnition parametors

\}

call R e R TI T  er er h

.

Vi
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may be determined as above.
Since each value Of‘%LOU[ uniquely determines a value of t,» we
can now work back to obtain dimensional initial conditions for the bursting
sphere. This is done as follows. Adamczy]\'14 shows that there is a
relation between t, and s the initial sphere size, This is given by:
YA
to= 2 (26)
where a, refers to the ambient undisturbed sound speed and Tl is as defined

earlier. For a perfect gas, the quantity a, can be replaced by,

a-o'-‘,/ ‘o Ro.f? #3))

1,z ..!?.__‘/-P_
.J%%R

However, since this investigation assumes air on both sides of the contact

Thus

surface (for flow field determination) we have tlmtxo = “1 = 1.4 and

'{ “—m!-?—m
- F———
o™ r-ﬁ—o o

which can be re-written as

fsto/RTS e

' where t, is determined from ignition wnalysis as above, Ro N
- .
= 6,858 x 10 "%%g%-and T, ® 2V8°K.  lgn. 28 yields the initial radius,

r, of the bursting sphere.

One can then use this value of T, in equ, d4,

—% '6.~p o | - - (4)'

to obtain the quantity lil. ulm:h as J.scussad varlior, is the amount of

oneryy which must be added to sield the initial sphere burst conditions,

g s i mriwm e wem—memn o o o en -
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Table 2 displays the ignition data discussed above. For three values

OfV‘CLOUD’ the values of (t/to)'Vd and "DELAY 3T€ shown for cells 79

through 85. Also included arc tie values of t, ¥, and }3l for each case.

TABLL: 2
¢ |eroup= 1-962x10° sec™ u gup= 1-855x10° see Yy o= 1.656x10° sec”!
Eoft, = 5007207 see [t = 5.391x107 sec |t = 6.039x1077 sec
L {r = 1.491x107% cn ry = 1.577x10° en r, = 1.766x107% cm
L|E, = 6.992x10™ joules {1, = 8.275x10™ joul.s b, = 1.163x10°° joules
Y201 | toELay (58€) 1/ t0)uar | thrav(Ste) [t ) ey tppay (seC)
9| @ w w 290 | 1.75x1077
so] o ® 475 Jaamssae” .250 | 1.389x1077
s1| = ® 330 iLsssaie 201 | 1.214x2077
82 | 1,185 |s.se7xa0”? | w0 fetrsie™ 195 | 1a78x1077
83 o « Lss feawsae™ | La2r | s
8| e o w w5 | arsaae?
| o ~ . 118 | e.7ssx1077

Fig, 12 shows a plot of the dimenrional ignition delay times vs cell
~ has the shortest delay tiwe for all thiee cnorg;& levels,  This makes -

it wmay oceur that another cell will sur, to- a given value »01’%mu” betore |
cell 82 does, oven though cell 42 eventually swis to the highest value.
In such a case, if that value u’v'. o 4% chosien ds o veferviee for an

. (-‘0\“'_' ) . .

ignition anulysis, cell 82 will not huve the shatest Jdelay tue,  Thus one

cun moT say in goneral that cedl $2 wi 1 aluays ignite Ciest,

- number for the given values of By in the table above. Note that cell 82

intuitive sonse because cell 52 had 'tlw'-'lxlgh_est value ""‘v(l:mtm" However,

RS S T
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It is also seen from Fig. 12 that as the encrgy added to the bursting
sphere, El increases, the delay time for all the cells decreases. Again,
this makes intuitive sense because one would expect a quicker reaction for
a larger amount of energy in thc source area.

Fig. 13 shows a pictorial view of the Huang and Chou 200 atm flow field
generated by the CLOUD program. On this graph, the axes are non-dimensional
distance r/ro vs non-dimensional time t/to. The particle paths or cell tra-
jectories are shown. The lead shock is very evident in the lower left cor-
ner. Initially, the cells travel vertically, i.e., they cover no distance

with time and are stationary. When the lead shock arrives, it bends the

trajectories towards the horizontal, i.e., it accelerates the particles

and hence causes a change in distance with time. As can be seen, the part-

icles eventually decelerate and tend beck toward a vertical inclination.
As mentioned earlier, due to the non-ideal nature of the flow, secondary
wave systems will occur. Thesé can be scen as ripples superimposed on.the
~ general behavior of the cell. trajectories. | | | |

The blocked-off portion of Fig. 15 is the area of the flow field which
is ef‘intorcst for ignition caleulations. This;rqgion:is magnified and
displayed in Fig. 14. Recall that in Tublélz the,quantity.(t/toﬁwgl was
‘tabulatcd against cell nuﬁber~£ur variQus energy levels, Elf- qu each of

‘those energy levels, one can plot the joints ut uhich ienitién‘occurs~far

. cells in question by simply locuting the proper trajectory and- travelling

along it until the required value of tity on the vertical axis is veached.

. These points can then be connectied to rorm what will be called the explo-

~sion loci.  Those loci are plot:ed for two envrgy levels, namely

By = 8,275 % 107 joules und By = 1,164 x 107 Joules i Fig. 14,
© . Not¢ that the cxplosion locus tor the lover value of the energy is

highor up the cell trujectories. This corresponds to the fact that a4 Jower

i et e
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"~ energy will result in a longer time for reuction, as was discussed earlier.

The explosion locus for the energy level E

= 6.992 x 107 joules is mnot

1

shown as it is only a single point.
By this tim~, it should be evident that there is something special about

the E1 = 6.992 x 10—4 joules energy level, because it allows only one

‘particle in the entire flow field to ignite. What this means is that this

is the minimum amount of energy which will result in an ignition in the

Huang and Chou 200 atm flow field. If this energy were decreased slightly,

it would cause every particle in the flow field to have un infinite delay

" time which means of course that there would be no ignition of any kind.

. Thus this value of E

| represents a cuteff between ignition and neo ignition

for this particular flow field. The values of the lowest energies for

ignition will be obtained for other flow fields in the following sections

and the general behavior of thesc quantities will be discussed.

V. BURSTING SPHERE RESULTS
The above procedure described for the Huanp und Chou case has also been
applied to a number of other bursting :phore runs.  These sphere buvsts are

gonerated by the CLOUD program and are chavacteriiod by three parameters:

~ the pressure ratio PQ/PO. the tumperature vitio l,/"l'Q and the values-of U
o . 3

»for the source reogion and ambient regien, called Kl’ fitud K; respectively,
For all the flow fields generatod by the CLOUD program, the source and
ambient regions aro assumed to contain air. Thus X} i Xo = 1.4,

It is first necessary to determine which combinations of those parameters
will loud to flow fiolds in which init.ation way occeur. This criterion can
bo determined analytically in the following manncy,

Wo have set the minimum temperature for reaction at 1000°K. Thevefore
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the flow field must show temperatures ut least this high behind the incident
shock. Now for a bursting sphere, the shock will have maximum strength at
the instant of burst. From this point on it will decay, eventually to
approach an acoustic-type behavior. Thus at thc moment of burst, the shock
must be capable of raising the temperature of the mixture to 1000°K. One

can now use the Rankine-Hugoniot relation for tcmperature from Liepmann

and Roshko.8 ' 3+1_ . Ps
‘ Ts = Ps ¥-21 P
To Po 1 R ji. _%s:

where Ts/To is the temperature ratio across the shock, Ps/Po is the
pressure ratio across the shock and ¥ replaces Ul and 3; since it was
assumed that 31 = n) = §=4.4. If To = 298°K and at the moment of burst

we must have 1000°K behind the shock then,
S - 1°°°°K - 557
= Sy =33

We can then substitute this value of T\'/T0 and § = 1.4 buck into ogn. 29.

After some rearrangement it is Found that

() 14,1342 (B)-33551 =0

This. is a quadratic in the quantity quPO. It may be solved to yield the

~ valuos

Bo143¢78,-03136

whore the negative solution is not phy:ically meaningtul. We now have the
pressure ratio across the shock at the instunt of burst which is necessary’

to produce a 1000°K. temporature  Recall egn, b
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‘ 28
_%t__:_gs_ l_._____(_lf-l) Gos/a)PsR-) (V-1 ©
> R AT/ +C+D (/R -1)

where Yy has now veplaced Yy and Yo The quantity (aO/aZ) may be expressed

‘as,

aa \/ [ RTa\

Again because we are considering air for the flow field calculations, the

specific heat ratio and gas constant ratio drop out and we have

[}
—
Ia"
i
%

1]

b0
a

o -3/

W (=) @

Substituting eqn. 30 back into eqn. 6 we obtain

LY PN 5 el (4 9%
Po

T I35 /1 B+ 3 (7e/b, -2
which, after substituting in the values determined for y and Ps/PO, reduces

to,

P -7 7
-I-,%=14'-3675 1-.5410 (% } BN

Eqn. 31 now relatos the initial sphere pressure ratio to the initial

~sphere temperature ratio, while satistying the constraint of a 1000°K

temporature behind the' lead shock at the instant of burst.

Suppose the minimun temperature defined for the Arrhenius reaction
Kinetics had been 1200°K instead of J000°K. Although this criterion is not
wade use of in this investigation, it can bo mentioned for comparison

purposes. 1f this were the cise however, then un equation similar to

oqh. 3! could be devived using the sane logic, This oquation would be,
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%21%.3779 [1-.6&-&"( (%).1/1-7 ‘_ | | (32)

Egns. 31 and 32 are plotted on Fig. 15 for comparison purposes. For a o
1000°K minimum temperature it can be seen that only points which are to i%
the right and above the 1000°K curve will provide the proper initial sphere :f

0

conditions for an ignition. No set of initial sphere conditions below and -

to the left of the curve will produce an ignition in the flow field. A

corresponding argument can be made for the 1200°K curve,

“Note that the curve for a 1200°K minimum temperature lies higher on o ,f;
fhe graph than the curve for 1000°K. This makes sense because one would _ ) ﬁ}i
expect that it would require larger initial values of sphere temperature , -i
and pressure ratios to cause a higher temperature in the flow field. Note h;
also that for either curve as the temperature ratio decreases to zero the : ‘ %
pressure ratio rises very rapidly. Likewise, the required temperature ratio : 3§
_increases markedly as the pressure ratio decreases. Also shown on this graph | _Z

is the curve of temperature ratio equal to pressure ratio,

For this investigation a number of bursting sphere runs werc made to
_étudy the ignition behavior in the flow field. The initial conditions for
rail’of these runs lic above and to the right of the 1000°K curve. The

~ intorsoction of the 1000°K curve and the curve vf touperature ratio oqual
... Xo pressure ratio was chosen as a 5???”?"8 point. This intersection cor-

responds-to the initial conditions:

0 T,
R

As this set of initial conditious lies on the 1€00°K cutoff curve, it was
not oxpected te yield any actual- finite ignitiorn data with the numerical
routine. Thus to provide the aumerical integration with a flow field

Cslightly above_ the cutoff £low field, the above initial conditions wore

“dnereased by tew pereent.  Thus




_%__33 %33

Then with this set of ‘more reasonable initia! conditions as a

starting point, eight bursting sphere ilow fields were generated. Four

of these flow fields successively doubled the initial pressure ratio while

holding the initial temperature ratio constant. The other four flow fields
successively doubled both the initial pressure and temperature ratios.
These flow fields, or equivalently computer runs, as they will henceforth.

f be'called arefdisplayqd in Tables 3a and 3b.

FLOW FIELD/RUN PRESSURE RATIO TEMPERATURE RATIO

THEORETICAL CUTOFF 30
A) 10% ABOVE CUTOFF 33
- : 66
2 132
3 ' 264
4

I

W1 L3 L
Wi L W i O

I L

528

(a)

FLOW FIELD/RUN PRESSURE FATIO TEMPERATURE RATIO

THEORETICAL CUTOFE 30 a0
A) 10% ABOVE CUTOFF 33 33
' 5 S 06 b6

- 1382 132

264 - To- 204

528 528

{b)

FLOW FIELD/RUN PRESSURE RATIO TEMPERATURE RAT1O0

CTHEORETICAL CUTORF - 00 E 10
B) 10% ABOVE CUTOFE 60 - 1
oY R TN T

10 ' R I e §
1 s

1A A YN § AT HI T ) el LS AL W

e
CIABLE 3
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It was also desired to study ignition behavior in another portion of
the admissible region of Fig. 15. For this purpose a new point on the 1000°K
cutuff curve was chosen as a starting point for another series of runs.
The initial conditions at this cutoff point were
i c WO R S T

Po
As before these values werc incrcased by ten percent to yield a better

starting point for numerical integration. Thus,

R _ : T .
—-‘;;--66 ) "'.T%—-il

Then with this new set of initial conditions as a starting peoint,
three more bursting sphere runs werc made in which the pressure ratio

was successively doubled while the temperature ratio was held coastant.
These runs are also shown in Table 3¢,

As was donc for the Huany and Chou 200 atm case in Fig. 11, the values

of vs. cell number are plotted for runs 1 through 11 in Figs, 10, 17,

CLouD
and 18. Two things can be observed in Figs. 16, 17 and 18, First for a
givon sot of runs, the maximum value of cLouR inereases as the run number
increases. Then since the lnit:al pressure ratio increases as the run
uumber increases, we conclude that the maximum value °f"CLouu.i“°T°“s°s
as the initial prossure ratio increaser, |

We would now like to velate this pressure dependence of the maxiwum

" value OfYCLOUD to an energy dependence.  This can be done with the fol-

lowing derivation. Let theo quuntity-r,lpo = X Thon we may write

Posfex

und wo derive:

[y

et 05 8 s
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P&"Po = Pox "Po = Po(x"' 1)

But x =

'U* N‘U

o]

So AR Po(_PPt_ - 1) (33)

Thus we can see that an increase in the initial pressure ratio yields

a monotohic increase in the expression P2 - Po. Now from eqn. 4 we know

that the initial sphere energy, El is directly proportional to the quantity

P2 - Po. Thus we may finally conclude that the maximum value of wCLOUD
increases as the initial sphorc energy increases. This is a logical
conclusion because it has beon shown that a large value of wCLOUD yields
a small value of to and henco small values of dimensional delay time. Thus
we sce that as the energy El increases, the value of the maximum WCLOUD
will increase and corresponding to this, the dimensional delay times will
decrease, This is exactly what one would expect. It should be noted how-
ever that theore may bo slight perturbitions on this general trend due to
the non-steady and non-ideal niature of the tlow tields under consideration.
ft is interesting to note that the quantity (levo = 1) in eqn. 33
‘has boon studied proviously by Strehlow and Ricker7 and Adamczyk14. This
quantity is called tho dimenswonless energy density tor the bursting
"_sphcro and is given the symbol y. Thus | _ h _ | _ :
o q:-—';!--i S \34)
_ ° : .
The quuntity represents the mount of energy slded to the sphere ﬁl
norwalized by the wmount off envrgy that would have been in-an bquivalont

volune but unpressurized sphece.  Froa equ, 4"ll is piven by,

. ' .;&- b |
AL o vl
PP

‘—i;:‘i"' V: TYATIN |

G

e
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The energy for the equivalent volume, unpres surized sphere will be given

by the quantity Povo/ (Yl - 1). Then we have

. E ? Q -1
) PoVo soi/—(‘!'l -1 Vom“ Qoswncc

Py - P
Q=g

-1

The quantity q will be used later in thiy investigation when delay times

or

or

and minimum energy requirements for igniyion are studied, because it has
a closer physical relation to the energy than does the actual initial sphere
pressure ratio,
The second noteworthy fact, in regiyd to Figs. 16, 17 and 18, is that
the cell which has the largest value of Veyoup San not be determined prior
to the actual numerical integration. ‘Thijs is bocause the cell for maximum
wCLOUD is a very complicated function of the flow field variables, which
are themselves complicated functions ot yhe initial bursting sphere conditions.

From ogn. 21 one ma;, note that for a wiven ¢ell ina g,wcn run,

Thus Vel oub is a wmpln.nwd fanction of the time histories of the dimension-

less cell energios and specific volumes,
One can however state that the naxXigun va.ue of "?CLOUD does not in
general occur at or around the cuut,u'ct switaee cells 50 and S1). For runs

1, 2 and 5 the cell which hes the largeyy value of b TTRL cell 51 which

s adjacent to the contact surface. Wiy s probably happening 1n thesv

runs is thut as one progresses out trow gle coptact surtace, the cell energy

B decays svapidly.  Then the tem
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gets very small and results in a small value of wCLOUD‘ This behavior is
not evident for other, higher initial energy runs.
Finally in regard to Figs. 16, 17 and 18 one fact must be noted. For
a few of the cells in runs 7 and 8 the numerical integration could not
proceed to completion. This was due to the fact that in these runs the cell
energies became so high that the temperatures did not decay below the 1000°K
cutoff value by the time the CLOUD program reached the limits of its
array dimensions. For some anelyses, this would not lead to large errors
because as was evident from Fig. 10, cells attain most of their final
values of wCLOUD very rapidly. The temperature decay portion of the flow
field is seen to contribute only a small amount to WCLOUD' However for
the delay time and minimun ignition energy analysis discussed later the
above incomplete numerical integratior could lead to some orroneous results.
This will be discussed in move detail later,
" purther data reduction was undertaken for runs 1 through 4, Tables
4, 5, 6 and 7 show data for these runt as was shown for the Huang and Chou 200 atm
case in Table 2. These results ure then plotted in Figs. 19, 20, 21 and 22
as was also done for the Muang and Chuu ¢case. |
Figs. 19, 20, 21 and 22 ghow an nteresting range of -delay time
" behavior. For vuns 1 and 2, Pigs, 1¥ und_lu ghow_ only half-curves. This is
of cours¢ due to the fact that in these runs the eolls which had the largest

values of 0CLOUD wore adjocent to the contact surface. 1n Fig. 19 it can also

be seon that cell 51, adjucent to the contact surlace, ignites at virtually -
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TABLE 4

- S e
wCLOUD" 1.726x10% sec
t = 5.793x10"° sec
r = 1.694x10'l cm

E, = 3.355x10"! joules

11 -
Yeroup®

e 7.776x107° sec

—~
1

2.274x10°) e

=
1

= 8.109x107 % joules

3

1.286x10° scc™?

1

- S -
wCLOUD' 1.179x10 sec

t 8.482x10°° sec
2,480x10"% e

[H

T
0

i 1.052x10° joules

t

t/to)w=1 COELAY (sec)

. 295 1.709x107°

w0 X
o »
xK )

Vet foray ) [t ] Fpppay (56¢)
-—-‘-"_111—-, .
120 0, 331x107 110 9.330x10""
a7 | tsoaion 145 | 1.2308007°
o5 | 2.0eix10”" 185 | 1.569x107°
w | o 205 2,248x107°
R




3 : : PABLL 6

1

1 1

8.964x10° sec” 7.698x10° sec” = 6.439x10° sec”

YeLoup
1.553x10°° sec

YeLoup® YeLoun
= 1.116x10°% sec t, = 1.299%107° sec ¢

2]
ct
[

- - ~.) -
= 3.262x10"% cm r o= 3.799x107° cm r = 4.542x10°% cm

0 o] o]

[and
e}
|

J- b 1E, = 4.826x107 joutes |k = 7.619x107 joules| £ = 1.302x107% joules
. Ytolya1 (a5 F 8t Jyoy | Tpppay (50C)] VD yoy [tppray (800

si| .485  [s.413x1077 | .200 2.598x107" | .145 2.252x10°77 $
2] w ® 285 3.310x107 | 150 2.330x1077 '3

E 53| w w 245 5.832x1077 | 170 2.640x10"7 1
Vgl | 9 ) ’ ,
% 54| w 315 4.092x10 150 2,795x1077 1

551 . %S 6. 1705107 | 195 3.028x10"7

N . " . 205 fsasase” Y

57 w ® o ® L2285 3.494x1077

8| w w | e o 200 |4.0s8x107 ]

500 o ® e : o 305 4.737x1077

| o w y o 475 7,377R1077

.

SN W,
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TABLE o

wCLOUD

t, = 3.316x10‘7 sec

= 3.016x10° sec

-1

, 6 -
= 2,8 4 Sec
¢CLOUD 2.846x107 sec

t, = 3.514x1077 sec

1.028x10°° cm

1 1

- 6 -
wCLOUD' 2.725x107 sec

t, = 3.670:(10"7 sec

<
1.073x10 © cm

Run ¢ 3

v = 9.696x10™° cm r, ® r, =

b, = 2.544x10"% joules b - 5.027x10™% joules - 3.449x10"% joules

h/to)yfl Eppray (566) /8Dy | Sy (Sec) t/£02w=l tpELay (30¢)
® ® 745 |2.e18x1077 | .345 | 1.266x1077
® w 575 |sssaoT | .s00 | 1aoxi0”?

785 2.603c20°7 | 335 liarmae” |lars | 1.o009xi0”7
® ® 350 tn2soxto .20 | 1.06dx1077
w o 275 fLsisslot | .308 {1.1ex1077
» « S0 fraaae s faesae?
® w o w 0 | 1.398x1077
® . o v 1.s0s  faesaxe’
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TABLE 7

—————

- rd 6 \—
wCLOUD‘ 4,.367x10" sec¢
7

t, = 2,290x107° sec

6.697x10™° cm

T
O

E

. 1.679x107%

n

joules

1

. - 2e10® «n -
Ycroun® 3.787x107 seo

ty = 2.641x107°
3

T 7.722x1077 ¢

0

i

1]

iy = 2575207 joules

-1

¥

Y

T
(

E

"—-‘_‘-“‘—
_ PN e 3
cLoup® 3+724x10° sec

= 2.685x1077 sec
. 7.853x10°° cm

= 2.708x10"* joules

1

e dg=y ffopiay (560

1 )g=1 | Sprnay (809

thpray (8¢€)

79

W Y
@ x
® w
@ w0

2.691x10"7

@ ’ @
("] -
w - w
;@ : [\ 1

w0 5]

.05 1.070x107"

W75 11.254x1077

625 1.651x107"

«055

495
S5 0 frLaosxio”
V535

1o1s | 2.vasxio™

9.3800107°

Froodsxio™”

14131077

6.350810"¢

1.034x1077
1,208x1077
Ldsexto”
335 |s.000x10°8

375 1.007x10‘7 A
Lassxior]

13020007

T.ocaxio?

T T
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the same time for two differcnt initial sphere encrgies. Figs., 20, 21
and 22 show some ripples in the curves which are most likely due to the
passage of the secondary wave systems and general non-ideal nature of the
flow fields. Fig. 22 especially shows some ratlier striking behavior
around the vicinify of cell 80, where therc is a secondary extremum in the
.curve for each of the twe larger energy levels. This type of behavior would

“be almost, if not impossible tc¢ deduce analytically, whereas the numerical

TN e eme e e e e m g

procedure shows the results quite weil.
To compare these runs with cach other in terms of delay time to
ignition, Fig. 23 has heen obtiuined. On this graph arve plotted the
delay times which correspond to thelminimum energy for ignition level for
cach given run. These data dare plotted va. the non-dimensional cnergy
density,'q:which is used to characterize cuch run. Runs 1, 2, 3 and 4
which have just been investiguted yield points un the curve lubelled
"1‘2/‘1‘0 a 33, Algo ghown on thin curve is a dati ﬁoint for run A. Included
“on this plot also are two other curver. The bottom cur€e7cerresponds to
 runs.4. Siand O for which the :emperatuve ~utio'§nitially,in the bursting
-'~sphore equal;cd therinit{al'prussnre;rétio. :Rnns;? and $ have not been
reduced for delay time data Jdus to the incompléte:numefical°integrution of
IWCLOUQ for fhéso rnns. The ton cuyve corrcspénGS'totruns B,:S, 10 and 11.

In these runs the initial burssing sthere tenperdture ratio was held

constant at a value of T,i}o‘# 3.

 Looking ut each cueve on Fig. 28 alone, it I8 obvious thay thedeluyo. "
tiwe is o function of the initiai burJtiag sphere pressurofkgﬁxﬁ‘i-Hhm&vér;;l* o

Cosince o ochunge in the burstiog sphere toaperature vatio causes o switeh o

anothor  curve altogether, it is alse seen that the delay tige is 8 Funetion

Cof this initiad tompesature wativ, brom vbaerving the pelative pusitions .

T
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of the various curves one could conclude that the relation between initial
sphere temperature ratio and corresponding delay time is highly non-linear.
The physical reason for the dependence of the delay time on the
temperature ratio can be shown as follows. We know that the energy added

to the sphere E. is a function only of the pressure and not of the sphere

1
temperature. Thus the temperature does not contribute to the bursting

sphere energy. Nevertheless the temperature does influence the flow

field. At the instant of burst a travelling wave system is set up. The

lead shock propagates outward from the éontact surface while a rarefaction
fan propagates inward toward the center of the sphere. This rarefaction

fan, being an isentropic, acoustic¢ wave must propagate at the local sound
“speed, which with the assumption of a perfect gas is a direct function of

the temperature in the bursting sphere. The energy available from the high
pressure sphere cannot be utilized to drive the lead shock until the
rarefaction fan has passed through and hence released it to the flow field.
Thus the rapidity with which this energy is made available to the flow field
is dependent on the sound speed in the high pressure gas, which is then in
turn related to the temperature or temperature ratio in the initial bursting
sphers., Thus changes in the sphere temperature ratio, while not changing

the bursting sphere energy, do alter the flow field cnough to have a definite

effect on the delay times for various runs,

To provide a qualitative picture of the ignition behavior in the flow

field of a bursting sphere explosion ioci have been plotted for runs 1, 2
and 3. These are shown in Figs. 24, .15, v, 27, 28, and 29, Yor cach run,
the entire flow field is dcpictéd first, with the area of interost for
ignition studies blocked off, ‘this hlocked off avea is then magnified to

provide a cleaver view of the Jetailed behavior being studied. Explosion
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loci for the two higher values of El for each run are plotted in the magni-
fied graphs. l |

In Figs. 24, 26 énd 28 note the increasing strength of the lead shock
as the run number and hence initial sphere pressure ratio ipcreases. This
vividly illustrates the changing flow field which results when initial
sphere conditions are varied. Secondary shocks are also visible on Figs. 26
and 28 for cases 2 and 3.

In the magnified plots, Figs. 25, 27 and 29 it should first be noted
that the rather irregular termination of the particle paths in the upper
right parts of the graphs is not physically realistic but results from
plotter limitations. Figs. 25 and 27 again show only one half of the
explosion loci. As before this is due to the fact that the runs for these

plots have their maximum value of wCLOUD for the cell adjacent to the

contact surface. Fig., 29 for »un 3 shows the full expected explosion loci.

It is interesting to note that the explosion loci are nearly parallel
to the actual particle trajectories fur these runs. In other words, each
cell has a distinct non-dimens.onal time at which it will ignite. One might
have expected the cxplosion loci to lie horizontally. If this were the case
then it would imply that a number of cells would ignite simultanéously.
However, this type of behavior has not been observed tfer flow fields studied
in this investigation, |

Finally we would like to study the minimws energy for ignition behavior
for the bursting sphore cases. Recal®' for the liuang and Cheu 260 atw case
that thero was one value of Bl tor which only one cell in the flow fieid,
thai one with the largest valuy ot wCLOUD’ would ignite.  This was callad

the minlwum energy tor ignitioa us onergy less than this amount would cause

all cells to have an iafinite lelay time, A corresponding cnexgy level can
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also be found for all the bursting sphere runs presented. This has been
done and the results plotted in Fig. 30, On this graph the minimum sphere

is plotted as a function of the non-dimensional

energy for ignition;El

energy density, q.
It can be seen that Fig. 30 bears a striking resemblance to Fig. 23,
the delay time plot for the combined bursting sphere runs. On Fig. 30,
the curves for initial temperature ratio equal to 33, initial temperature
ratio equal to 11, and initial temperature ratio equal to initial pressure
ratio are drawn., Moreover, the curves occupy the same relative positions
as those drawn on Fig. 23. [t is not surprising that the two figures are
similar because the delay time and the bursting spherc energy are intimately
related, as has been discussed previously. There is one important difference
between the two figures however., Fig. 23 shows that the delay times for
the runs under investigation span about two orders of magnitude. On the
other hand, Fig. 30 indicates that the minimum cnergies for ignition for
the same runs span about seven orders of magnitude. ‘Thus the minimwn ignition
energy is a much strongex function of the encrgy density than the delay time.
All three of the curves on Fig, 0 show the expected behavior, i.e., |
as the onergy density increases, the minimum energy for ignition decreases.
Note that as one approaches the cutoft energy density, which is analogous
to approaching the 1000°K curve on Fig, 15, the required energy increuses
oxtromely rapidly, cventually reaching an infinite value when one encounters
the Fig, 15 cutoff curve,  On the othor hand it is scen that as onu.upprouchos
very large energy densities, vory litule change in the minimum bursting
sphere onergy is required toe produce m ignition,
As in the Fig. 23 delay time plot, runs 7 and 8 are not shown on the
tenperature ratio ogqual to prossure ritie curve, because the incowplete

numerical integration would yield erroncous Jdata,  Nevertheless, the sound
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‘speed effects are evident in this curve and in the curve of temperature

ratio equal to 11. The same reasoning discussed earlier applies. That is,

as the initial sphere temperature ratio increases, so does the sphere

l sound speed, This enables the inward moving rarefaction fan. to release
the sphere energy to the flow field more quickly and from a minimum
ignition energy standpoint more efficiently,

In summary, it should be noted that a bursting sphere may be charac-

terized by an instantaneous addition of the energy EI' This is because

at time zero plus all of the energy which is ever going to be present is

already present, We now wish to investigate a number of flow fields in

which a finite amount of time is required to add the energy E1 to the high

& on oty -

pressure source region,

VI. ENFRGY ADDITION RESULTS

To determine the effects of finite rato energy deposition times on

ignition behavior in the computer genevated flow fiold, a number of computer

runs were made with a non-dimensional deposition time of t/t0 = ,02. In

addition one run was made with a non-dimensional deposition time of t/t0 = 01,

This case will bo discussed last, The mechunics of how this energy is added

with a finite rate in the CLOUD progrum is discussed in Adumczyk.14
To obtain a certain consistency between the finite rate onergy addition

flow fields and those genorated by a bursting sphere, it was decided to force

the pressure and tomperature ratios in the source rogions of the onergy

addition runs at the instant the addition was completed to be equal to the

initial pressure and tomperatuce ratios in the source vogions of the cov-

vesponding bursting spheres,  Thus wo have at the instant the deposition i

comploted the same temperature vatios and hence the same sound speed effects




as were encoun;éred’for the bursting sphere case. We must note two things

however{' First, since the wave system begins propagating at non-dimensional
time t/to =0+, by the time the deposition is complete, the source region

is not completely“homogeneous. Nevertheless the‘inner'portion of the
_source region ;s homogeneous since the inward travelling wave does not
“:»peach this'area until after the deposition is completed. Second, the

addition is assumed to occur at constant volume. Again because of the wave

' éystem, this is not strictly true but as the change in volune during this
‘ time interval 35 small, the effect is ignored. |

To yield the proper conditions at t/to = ,02, we must have the proper
initial conditions for the energy addition runs. This is determined as
follows. _Recall the bursting sphere cnergy is given by,

.41 Py Po 2
Fhin i TEull

=7£%fﬁg%L:¢osouﬁ¢s

In terms of intensive variables this nay bhe re- wrltten,

~E3 - Ppﬂ\lm'%n

3 Veounct 3

: :i.- 1 muwo shHRe 14 {30)
whore m represents the mass in the source reg;on. Adamzeyh® ™ then Jefines
& new variable Qf which is the energy input term for the finite rote deposi-

tion GLOUD runs. Q, is then given by the expreasion.
| Q = E; m -

v Yo

|5 3' - (v\‘uﬁn&) SHERE

T-‘""(Vo)&n:rmweae . 7

'Qf is thon used to characterize the energy input tfor the CLOUD progrum

DuasTiNe SPHERS
for the corresponding bursting sphere vasce..

whore the values of Yy and (v'v sautes are those values obtained




~the deposition was cowpleted. In all cases, veritication was obtained.
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It remains to determine the initial pressure and temperature ratios

for the energy addition cases., For all of these runs the initial pressure
ratio was taken to be unity i.c¢., ambient pressure. However, the initial
temperature ratio is not necessarily cqual to unity. We can solve for the
initial temperature ratio in the following manner. Since we are assuming
a constant volume energy addition, we may write:

() soun - (%)

— ¢ -

Vo )i Red avoiT on Vol dokSih seners

Then from the perfect gas law,

- (IQ/ To)enm\t ADD TGy

—g ) sevate o
(Vo ENERLY ADOITG (P\/Po) eHERoY ADDITION

(_y,_\ — - LT/ To)mursrng spurne
Vo Jauastivosensee  (R/ Po) aurerwe sonsee
Ro and thus the gas constant

and

where Rpypocy ADDITION © NBURSTING SPHERE ©

drops out of the above expressions. 'Then,

(To/ Tolwanes aopimion % T:/ To) unstive sPHeRE

(Pa/ Po)amgncs Avorun o) muasrig $PHERE

AT AT _(E.»Lﬂmm ADDITIEN
(’T‘Jmm ANDITION ™ t"ﬁ')mm SnEREe (P‘/i;:) BURCTING SPHERE

or since (PO/PQ!NI‘W.‘ MN’W-:"J' from above, we have

(Ta.) - [/ T:o%mgmna SOMERE (38)
?: ENERGY DITION B/ Po DURSTING SMHERE

Then using eqns. 37 and 33, eight energy addition runs were made. These

runs are displayed in Table §. For cuch of those runs, the computer output

was checked to verify that the proper conditions were obtained at the instant
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TABLE 3

CORRESPOND ING

FLOW FIELD BURSTING SPHERE PRIISSURE TEMPERATURE Qf

RUN RUN RATI10 RATIO

12 1 1 .5 81.25

13 2 1 .25 81.875

14 3 1 .125 82.1875

15 4 1 . 0625 82.34375

16 5 1 1 162.5

17 6 1 1 327.5

18 7 1 1 657.5

19 8 ) 1 1317.5

20 * 1 1 .5 81.25

*
Run 20 has deposition time, t/tO = ,01
All other runs have deposition times, t/t0 =02

¥ - N . <], Ay l)\' . . s 'S . y A

The plots of WLLOUD vs. ¢¢ll number, LDLLA\ vs. cell number and
explosion loci arc not shown for the cnergy addition runs as they are
qualitatively similar to their bursting spheve counterparts. However,
it has been worthwhile to display the minimum energy tor ignition data tor
the energy addition runs. ‘This has bcon done in Fig. 31, On this graph
the minimum cnevgy required tor ignition tfor a given energy addition run

has been plotted vs. the non-dimensioval cnorgy density, ¢ of the cor-

f responding bursting sphere run.  Also shown on this graph for the sale of

comparison are the corresponding bursting sphere curves, taken trom Fig. 30,
As before, data for runs 18 aml 19 ave net shown hecause of incomplete
numerical integrations for those runs.

Lt can be seen on Fig. 31 that for must ot thuArnugo of y, the wininum

onergy required to obtain an ignitionr in an encrgy addition flow tield is

less thun the amount vequired in a corvesponding hursting sphere flow field,

A qualitative explanation o1 tiis belavioy depends on two observations,

Birst, in the bursting sphere Gase thy initial comprossion wave is o shoeh.
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In the energy addition case, the initial compression wave is an acoustic

wave and builds up to a shock as the ¢nergy is being deposited in the ;{
;é‘ ';f source region, As it is known that an acoustic wave will do more compressive '
work than a shock wave, we may conclude that the lead wave in the cnergy

addition case will have higher pressures and temperatures in its wake than ;

7 will the corresponding lead wave in the bursting sphere case. This is

¢ ] conducive to larger values of WCLOUD and hence smaller values of minimum

. 15 .
ignition energy for the energy additicn cases, Second, because of the

3 C s - e s
f time-dependent naturc of the deposition in the energy addition cases, the

- resulting lead wave may "focus' certain particles of the flow field to

|

: produce local hot spots, This will then also lead to larger values of
nd smaller values of minimum ignition cnergy,

] wCLOUD and smaller valuc um gn energy

”;, 3 At the far left of Fig. 3L, where the values of ¢ ave small, the energy

g 3 addition curves are secen to merge into the bursting sphere curves. What

is happening here is that at these low energy densities, ignition becomes

hard to produce as we are approaching the critical cutott curve of Fig, 185,

Thus both the energy addition and bursting spheve curves appreach g vertical
asymptote and becsuse of this are scen to merge inte each other, [t
should also be noted that at ¢ = SO0 vhe buprsting sphere curve, for the

temperature ratio equal to 33 is scen to intersect its corresponding enorgy A :

e

- _ addition curve. 1t is believed that thiv is cavsed by an incomplete

numerical integration tn run 13 and thus not ropresentative of true physical

- g

. {?; _ - bohavior. However, this has nat been coniimmed at the time of this writing,

Finally, we may eximine vae fuprther phenomeion, b can define a new

variable p, catled the power dannity oy the tollowing velation,

(B4} /L
PEA® 1)/ (Jt;)a‘msmw
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g R or - %,
g, . P q'/(to)t)é!’oﬁ\hw oY

where ¢ has been defined previously and (t/to)DEPOS[TloN represents

the non-dimensional energy deposition rime. We may look at bursting sphere

run 1 and energy addition runs 12 and 0. Yor cach of these case, g = 65,

?ﬁ ' Run 12 has a deposition time of t/to = .02 whereas run 20 has a deposition o

time of t/to = .01, Because run 1 is a bursting sphere it is known to have

a deposition time t/to = 0. For thesc cases then the power demsities have

. ‘
been determined from eqn. 39. The inverses of these power densities have -

also been determined. These data are shown in Table 9.

3 TABLE 9 5
L 3
- P, '§
g FLOW FIELD ¢ = —= -1 (:») P TS A .1; E
: RUN - Py \ "o (DEPOS T TON "0’ DEPOSITION ! i
! 05 0 N U X

12 05 SN 6500 1.538x107, . i

20 65 ) 3250 3,.077x10 .

»

Fig. 32-is a plot of the ninimun energy vequired for ignition vs, the

quantity 1/p for the above three cases,  The data points are connected by

straight dashed lines to indivate that the exact shupe of the curve is not

known at this time. lowever, from the three dati points plotted, we-can f;
- say that the curve appears to oxhibit relative vatremum behavior, This » ;'.1;
‘suggosts that thore my possibly be optimal poswer densities for ignition. ;L
This has not been investigated furthes at the time ot writing, - - ' f;
VT CONCLUSIONS
We have seon that the ignition behavior in a non-steady, nen-ideal tlow i
field is a complicated fuuction of the tlow varables, purticularly coll %
onergy or tompcruturo_uud el xpvgi”i¢ volume,  These guantities ave :f
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themselves complicated functions of the initial conditions in the source
region.

We have also seen that the important quantities to determine are the
delay times to ignition and the minimum energies required for ignition, and
that both of these quantities tend to decrease as the non-dimensional
energy density increases.

We have also studied the differences in ignition behavior as the
source was changed from a bursting sphere to a finite-rate energy deposi-
tion source, and found that for most values of y, the finite rate enecrgy
addition cases required a smaller amount of dimensional energyAEl to
produce an ignition in the flow field.

Finally we have briefly eramined the effects of power density on
minimun energy required for igniﬁion and shown that there may be optimal

power densities to produce an ignition,

VII1., SUGGESTIONS FOR FUTURE RESEARCH

A number of variables have been held constant during this investigation.
These could be varied to yield additional data. For example one could change
the tomperaturce cutoff limit from 1000°K to 1200 °K to see what effect
it has on the ignition behavioe in the resulting tflow fields. One could
also substitute the values for the acvivation energy and pre-exponential
factor from the Schott and Mnsey data for the values obtained from Strchlow,
One could also use source regiaus which contain for oaample helium
(Yl = 1.607). 1n addition it would boe instractive tu obtuin more Jdata
points for Fig., 32 at different power densities,

There are three limitations of the model used in this investigation

which might be romoved in tuture work, Fivst, o more detailod reaction
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kinetics scheme could be incorporated. Second, when a particle ignites,
it then adds heat to the neighboring particles, thus altering the flow
field., This heat addition could also be included in the model. Third,
the combustible mixture, which was assumed to have the properties of air
in this investigation could be replaced by a more realistic combustible
mixture. .

Finally, the point source solution for spherical blést waves could
be used as a means of establishing a flow field for ignition behaviox
studies. As the point source solution provides an ideal flow field it
would contrast nicely with the non-ideal bursting sphere and energy

‘addition flow fields studied in this report.
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RECENT AERONAUTICAL AND ASTRONAUTICAL ENGINEERING DEPARTMENT TECHNICAL REPORTS (continued)

Technical
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Wave Structure 15:345-358(1970;3 .
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Investigation of a Two- C. E. French Patterson AFB, (1969).
Dimensionally Stiffened Panel
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